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Fluoride flux in the rabbit CCD: A p11-dependent event. We measured
fluoride flux (JF; pmol. min mm') in the isolated rabbit cortical
collecting duct (CCD) to investigate the determining factors of JF The
perfusate contained 100 LM fluoride and the bath was fluoride-free.
Osmotically-induced lumen-to-bath water flux did not affect When
perfusate pH was reduced from 7.4 to 6.1 and from 6.1 to 5.0, J
increased from 0.008 0.002 to 0.027 0.007 (P < 0.01) and from 0.018
0.003 to 0.040 0.005 (P < 0.01), respectively. Acetazolamide at
1O M in the bath reduced F slightly though not statistically. The
anion-transport inhibitor, 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic
acid (DIDS), at l0— M in the perfusate did not affect J1,. Substitution of
luminal chloride with gluconate failed to affect F in tubules from
normal rabbits or from rabbits treated with deoxycorticosterone which
stimulates chloride-bicarbonate exchange in the CCD. F showed no
correlation with transepithelial voltage which ranged from +4 to —104
mV. We conclude that the luminal pH represents the primary deter-
mining factor influencing F in the rabbit CCD, and fluoride does not use
a chloride-mediated or a DIDS-inhibitory transport pathway.
The kidney serves as the major route for the elimination of
fluoride from the body, but the underlying mechanisms associ-
ated with the renal handling of fluoride are incompletely under-
stood. Most of the available information stems from standard
renal clearance studies. Some investigators have found a posi-
tive relationship between urinary flow rate and the renal clear-
ance of fluoride and have hypothesized that these two variables
are mechanistically linked [1—3]. Others have found the urinary
pH to be the primary determinant of fluoride clearance [4—7].
Using the stop-flow technique in dogs, Whitford, Pashley and
Reynolds [6] reported that the renal reabsorption of fluoride
decreased with urinary acidification and increased with alkalin-
ization, and that these findings held regardless of differences in
urinary flow rate. Moreover, these investigators demonstrated
that the pH effects on fluoride clearance were mediated to a
significant degree in the collecting duct. They proposed that the
tubular reabsorption of fluoride occurs by the diffusion of
hydrofluoric acid (HF, pKa = 3.4) rather than the relatively
lipid-insoluble fluoride anion. This hypothesis has not been
tested directly in isolated nephron segments, and to our knowl-
edge characteristics of fluoride transport in individual nephron
segments have not been investigated.
The purpose of the present study was to examine several
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potentially important factors that might affect fluoride flux (JF)
in the isolated rabbit cortical collecting duct (CCD). These
included a lumen-to-bath fluid flux (J), transepithelial pH
gradients, acetazolamide, the effect of 4,4'-diisothiocyanatostil-
bene-2,2'-disulfonic acid (DIDS), luminal chloride removal, and
transepithelial voltage (VT). Acetazolamide was investigated
because of its ability to alkalinize the luminal fluid of the
isolated rabbit CCD [8]. Luminal chloride removal was per-
formed to determine if fluoride uses a chloride-mediated trans-
port pathway. We also conducted the chloride-removal exper-
iments from rabbits treated with deoxycorticosterone (DOC)
which stimulates chloride-bicarbonate exchange in the CCD [9].
Finally, we investigated a potential pharmacologic effect of
fluoride on CCD function. Since fluoride can stimulate adenyl-
ate cyclase [10, 11] and the arginine vasopressin (AVP)-induced
increase in hydraulic conductance (Lv) in the CCD is a cyclic-
AMP (cAMP)-mediated event [12, 13], we assessed the poten-
tial for fluoride to increase L in the CCD.
Fluoride did not affect L, J,., did not affect F, and J
increased with luminal-fluid acidification. Acetazolamide re-
duced F though not with statistical significance. The addition of
DIDS to the lumen or the removal of luminal chloride in tubules
from normal and DOC-treated rabbits did not affect F' Addi-
tionally, F showed no correlation with VT which, typical for
the rabbit CCD [14], exhibited a wide range in this study. These
results indicate that F depends on luminal pH, and that fluoride
does not utilize a chloride-transport mechanism.
Methods
Rabbit CCD segments were isolated and perfused according
to standard techniques [15, 16]. New Zealand white rabbits
(body weight 0.5 to 1.5 kg) maintained on standard chow and
tap water (0.9 ppm fluoride or about 55 /LM) were decapitated
and the left kidney was rapidly removed. Coronal slices were
prepared and placed in a petri dish containing chilled dissection
solution (Solution 2 in Table 1) which contained 5% bovine
serum albumin to prevent the tubules from sticking to the glass.
Tubules were dissected from medullary rays and transferred to
a perfusion chamber mounted on the stage of an inverted
microscope. The bathing solution flowed continuously through
the chamber at a rate of 1 to 2 ml/min, and the perfusion rate
ranged from 2 to 5 nllmin among experiments but was constant
in a given experiment. We found no evidence that perfusion rate
affected jIE' within this range. Fluid exiting the tubule accumu-
lated in the collection pipette under water-equilibrated mineral
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Table 1. Composition of solutions
1 2 3 4 5
NaCI 105 105 105 105 0
NaHCO3 25 0 0 25 25
KCI 5 5 5 5 0
CaCI2 1.8 1.8 1.8 1.8 0.05
MgSO4 1 1 1 1 1
Na2HPO4 2.5 2.5 2.5 2.5 2.5
Na acetate 10 10 10 10 10
Glucose 8.3 8.3 8.3 8.3 8.3
L-alanine 5 5 5 5 5
Na-cyclamate 0 20 20 0 0
Na-gluconate 0 0 0 0 105
K-gluconate 0 0 0 0 5
HEPES 0 5 0 0 0
MES 0 0 5 0 0
pH 7.4 7.4 6.1 or 5.0 7.4 7.4
Concentrations are in m. Osmolality of the solutions was 285 5
(sD) mOsm/kg H20. In the protocols which required a hypotonic
perfusate, NaC1 was reduced to 42 m which resulted in a osniolality of
175 5 (SD) mOsm/kg H20. Abbreviations are: HEPES, hydroxyeth-
ylpiperazine-N-2'ethanesulfonic acid (pKa = 7.5 at 25°C); MES,
2'N'-morpholino ethanesulfonic acid (pKa = 6.1 at 25°C), Solutions 1,
4, and 5 were equilibrated with 95%/5% 02/C02 and solutions 2 and 3
were room-air equilibrated.
oil and samples of this fluid were periodically aspirated into a 7
or 20 nl volumetric pipette.
We used solutions (compositions given in Table 1) buffered
with bicarbonate, hydroxyethylpiperazine-N-2' ethanesulfonic
acid (HEPES, pKa = 7.5 at 25°C), or 2'N'-morpholino ethane-
sulfonic acid (MES, pKa = 6.1 at 25°C). HEPES and MES were
obtained from Sigma Chemical Company (St. Louis, Missouri,
USA). Bicarbonate-buffered solutions were equilibrated with
95%/5% O2/CO, and the HEPES-buffered and MES-buffered
solutions were bicarbonate-free and room-air equilibrated. In
the chloride-substitution studies (see protocols) gluconate re-
placed chloride by substituting Na-gluconate and K-gluconate
for NaCI and KCI, respectively. When necessary (see proto-
cols), the perfusate was made hypotonic by reducing NaCI from
105 to 42 mM.
The tubule was mounted on concentric pipettes, the bath
temperature was raised to 37°C, and the tubule was perfused for
90 minutes before conducting the first sampling period after
which the bath or perfusate was exchanged for one of a different
composition, as explained in the protocols, and a 30-minute
equilibration period preceded the subsequent sampling period.
In each experiment, T was continuously recorded by using the
perfusion pipette as the luminal electrode with a Ag/AgCl wire
in the perfusate, and the bath served as the reference via a
saline-equilibrated agar bridge. A high impedance electrometer
(WPI, FD 223, New Haven, Connecticut, USA) was used to
measure VT and the output was recorded on a strip chart
recorder.
Collection rate (Vo) was measured directly. Tritiated meth-
oxy inulin (New England Nuclear, Boston, Massachusetts,
USA) was added to the perfusate at 30 xCi/ml and served as a
volume marker. Perfusion rate (Vi, nL'min) was determined as:
Vi (3Ho/3Hi)Vo where 3Ho and 3Hi are the concentration of
tritium counts in the collected and perfused fluid, respectively.
J (ni . min' . mm') was determined as J,,, = (Vi — Vo)/L
where L is the tubule length measured with an eye piece
micrometer. J,,. was determined in each period of every exper-
iment. If J.,, was significantly different from zero, under those
conditions which were not conducive for a positive J, [that is,
without arginine vasopressin (AVP) in the bath or with isotonic
bath and perfusate solutions] the experiment was discarded.
Hydraulic conductivity (Lv, cm . sec . atm) was deter-
mined as:
ViCi/Ci — Co 1 (Co — Cb)Ci+—ln
RTA\C1CoCb Cb2 (Ci —Cb)Co
where Ci, Co, and Cb are the osmolalities of the perfusate,
collected fluid, and bath, respectively, R is the gas constant, T
is the absolute temperature in °K, and A is the tubular area
(cm2) calculated from the measured tubular length and an
assumed inner diameter of 20 m which approximated the
average diameter from a sample of 12 tubules measured with an
eye piece micrometer (20.2 0.6 jim). Co was calculated from
the ratio of concentrations of tritiated inulin in the collected
fluid and perfusate multiplied by Ci [17, 18]. Fluoride flux (Jr,
pmol. min . mm) was determined as: F = (ViFi —
VoFo)/L where Fi and Fo are the perfused and collected
fluoride activities, respectively.
Fluoride activity in the perfused and collected fluid samples
was determined with the method described by Vogel, Chow and
Brown [19]. The samples were buffered to a pH of 5.5 with
TISAB (Total Ionic Strength Adjustment Buffer, Orion, Cam-
bridge, Massachusetts, USA) and then placed individually on
an inverted fluoride electrode (Orion, model 94-09-00) which
was covered with water-equilibrated mineral oil. In a control
study, it was determined that the fluoride concentration of
standards exposed for 24 hours to water-equilibrated mineral oil
did not change. Microelectrodes were constructed from single-
barreled glass capillaries using a horizontal micropipette puller(PULl, WPI) and filled with saturated KCI. The tip of the
microelectrode was manipulated to make contact with each
sample. The fluoride and reference electrodes were connected
to a high impedance electrometer (WPI, PD 223) and the
voltage of each sample was compared to a previously deter-
mined standard curve, slope = 57.8 0.5 mV per 10-fold
change in fluoride concentration. This technique has been
highly specific and reproducible in our hands over the ranges of
ionic composition and solution pH used in this study. The
coefficient of variation for five samples of 50, 100, or 500 M
fluoride (levels used to construct the standard curve) was less
than 2.5%.
Protocols
Effect of J OflJF. Experiments were designed to measure J
in the absence and presence of a significant lumen-to-bath J.,,.
Two sets of experiments were conducted (N = 5 in each set),
one with bicarbonate-buffered and one with HEPES-buffered
solutions (solutions 1 and 2 from Table 1, respectively). The
perfusate contained 100 M fluoride and was hypotonic to the
bath which was fluoride-free.
Under control conditions, the permeability of the CCD to
water is low and J,,, is minimal, whereas upon the addition of
AVP to the bath the permeability to water increases and J,
increases in the presence of the lumen-to-bath osmotic gradient
[13]. After samples were collected in the control period, AVP
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(25 JLU/ml; Pitressin, Parke-Davis, Morris Plains, New Jersey,
USA) was added to the bath, 30 minutes were allowed for
equilibration, and the sampling procedure was repeated. Seven
samples of collected fluid were taken in each period. The first
two and last two samples were counted for 3H-inulin for J..,
determination, and the middle three samples were placed on the
fluoride-selective electrode for fluoride analysis. i,. and J in
each experimental period were the averages of 3 or 4 and 2 or 3
determinations, respectively. This sampling procedure for J,.,
and F determination was identical in the remaining protocols.
Effect of transepithelialpH gradients on F• F was compared
between two conditions of different perfusate pH values. Two
sets of experiments were conducted: 1) (N = 7), perfusate pH
values were 7.4 and 6.1 (solutions 2 and 3; Table 1); and 2) (N
= 5), pH values were 6.1 and 5.0 (solution 3; Table 1), and in
both sets of experiments, the sequence of perfusate pH was
alternated. The perfusate contained 100 LM fluoride and solu-
tion 2 served as the bath which was fluoride-free. Boudry,
Stoner and Burg [20] reported that VT increased upon luminal
acidification in the rabbit CCD. To test for indirect effects of pH
on iF, two experiments of the second set were conducted with
i0 M ouabain (Sigma Chemical Co.) in the bath. It was
determined that neither ouabain nor VT affected F, hence, the
results of these two experiments were added to the three
without ouabain.
Effect of acetazolamide on F• Six experiments were con-
ducted in which iF was measured before, during and after the
addition of i0 M acetazolamide (Sigma Chemical Co.) to the
bath. Solution 1 was used for both perfusate and bath: the
former contained 100 M fluoride and the latter was fluoride-
free. 1,, and JF were determined in the three periods (control,
experimental, control) as previously described.
Effect of DIDS on F• Two sets of experiments were con-
ducted where iF was measured with and without iO M DIDS
(Sigma Chemical Co.) in the perfusate. One set (N = 6) utilized
bicarbonate-buffered solutions and the other (N = 4) HEPES-
buffered solutions. The perfusate and bath solutions were
identical except for the presence of 100 M fluoride in the
perfusate.
Chloride substitution studies
Gluconate replacing luminal chloride. These experiments
were conducted by exchanging solutions 4 and 5 in the perfus-
ate which contained 100 M fluoride. Solution 1 served as the
bath which was fluoride-free. Experiments contained three
periods (control-experimental-recovery) where the sequence of
Fig. 1. .1,, did not affect JF (dashed line)
and J (solid line) as affected by vasopressin(AVP). AVP was added at 25 U/ml to the
bath. Part A shows the results from five
experiments with HEPES-buffered solutions
and part B shows those from five experiments
with bicarbonate-buffered solutions. The
perfusate was hypotonic to the bath (170 vs.
285 mOsmlkg H20) and contained 100 M
fluoride. The bath was fluoride-free. *D <
AVP 0.005 compared to control.
perfusion periods was alternated (that is, perfusate solutions
4-5-4 or 5-4-5) and F was determined in each period. Two sets
of experiments were performed: 1) (N = 4) with tubules from
normal rabbits; and 2) (N = 6) with tubules from rabbits treated
with DOC (CIBA-GEIGY, Greensboro, North Carolina) via a
35 mg i.m. injection 4 to 10 days before the experiment.
Effect of fluoride on L. Six experiments were conducted
with solution 1 (perfusate was hypotonic to the bath) for three
sequential periods. In the first period, the perfusate and bath
contained no fluoride. In the second period, fluoride at 1 or 5
m was added to the bath. The third period began with the
addition of AVP to the bath which still contained fluoride and
the sampling procedure was repeated. The reported L for each
period was the average of three determinations.
Statistics
The Student's t-test for paired or unpaired comparisons was
used to detect statistically significant differences. To determine
if T affected F' correlation coefficients were determined for
each experimental condition. A P value of less than 0.05 was
selected as the level for statistical significance. The results are
expressed as mean Sc.
Results
Effect of .J ° 'F
v increased significantly with the addition of AVP to the bath
in both HEPES-buffered and bicarbonate-buffered conditions
(from 0.06 0.03 to 0.71 0.11 and 0.07 0.02 to 0.67 0.09
ni- min1 - mm', respectively; P < 0.005), but JF did not
change (HEPES-buffered: from 0.019 0.006 to 0.010 0.005;
bicarbonate-buffered: from 0.050 0.013 to 0.052 0.020
pmol - mint - mm1; Fig. 1). VT ranged from —9 to —26 mV,
and the type of buffer had no apparent effect on VT. The
addition of AVP resulted in a transient 10 to 20 mV hyperpo-
larization of VT which returned to basal levels in approximately
15 minutes.
Effect of transepithelial pH gradients on
In the first set of experiments (N = 7), F was significantly
higher when the perfusate pH was 6.1 compared to 7.4 (0.027
0.007 vs. 0.008 0.002 pmol- min' . mm, respectively; P <
0.01; Fig. 2). In the second set of experiments (N =5), J was
significantly higher with a perfusate pH of 5.0 compared to 6.1
A
0.8
0.6
0.4
B
0.8
0.6
0.4
0.2
0
0.2
0
Control AVP Control
0.04
0.02
Perfusate pH
(0.040 0.004 vs. 0.018 0.003 pmol min' . mm, respec-
tively; P < 0.01). Part C of Figure 2 shows the combined data
from both sets of experiments.
To determine if the buffer affected F, four experiments were
conducted where a HEPES-containing perfusate replaced an
MES-containing perfusate, and the perfusate pH was main-
tained at 6.8 which was the low end of the pH buffer capacity
for HEPES and the high end for that of MES. The type of buffer
did not affect F (JF for HEPES 0.019 0.008 and F for MES
= 0.022 0.010).
T hyperpolarized when perfusate pH decreased. The range
of voltages with the perfusate pH of 7.4 was from —9.8 to —43.1
and the average was —21.0 mV. When the perfusate pH was
6.1, the range was from —1.0 to —77.4 mV with an average of
—26.3 mY. When the perfusate pH was 5.0, the range was from
—4.0 to —104.3 and the average was —35.2 mV. Because of the
effect of luminal acidity on VT, two of the five experiments
conducted with perfusate pH of 6.1 and 5.0 were performed
with iO M ouabain continuously present in the bath. This
resulted in a constant T of + 1 to +4 mV. The results of these
two experiments were consistent with the others in that F was
higher with the more acidic perfusate. To determine if ouabain
itself affected F, three experiments were conducted where F
was measured before, during, and after the addition of io— M
ouabain to the bath. F was the same in all three periods despite
the change in voltage. (These results are not shown)
Effect of acetazolamide on
Fig. 2. Effect of perfusate pH on F'PartA (N = 7) shows the results
when the perfusate pH values were 7.4 and 6.1, and part B (N = 5)
when the perfusate pH values were 6.1 and 5.0, In all experiments the
perfusate and bath solutions were bicarbonate-free and the sequence of
perfusate pH was alternated in both sets. Lighter lines are individual
experiments and darker lines are mean sa. Part C shows the
combined results of parts A and B. JF units are pmol. min' mm;
P < 0.01.
Although the data indicate that acetazolamide appeared to
reduce F, statistical significance was not achieved (Fig. 3).
These experiments were conducted in a control-acetazolamide-
control format where acetazolamide was added to the bath atio
Acetazolamide addition resulted in a transient hyperpolariza-
tion in VT that ranged from 15 to 30 mV. After approximately 15
minutes, VT returned to the basal level. Two additional exper-
iments were conducted in which samples for the determination
*
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Fig. 3. Effect of acetazolamide -F• Acetazolamide (A) at lO M
was added to the bath. The small reduction in F in the presence of
acetazolamide was not statistically significant. Lighter lines are individ-
ual experiments and darker line is mean SE.
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0.1 Fig. 4. DIDS did not affect JF. DIDS at iO
M added to the lumen did not affect J in
experiments conducted with HEPES-buffered
0.05 solutions (solution 2, Table I) or with
bicarbonate-buffered solutions (solution 1,
Table 1). F with the latter was significantly
0 higher than that with the former (P < 0.005,
by unpaired analysis).
B DOC-treated
0.15
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Fig. 5. Chloride substitution with gluconate
did not affect F' Two sets of experiments
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—
were conducted: (1) Normal—refers to tubules
—
—
— —. from normal rabbits; and (2) DOC-treated
—
— — — — refers to tubules from rabbits treated with
0 deoxycorticosterone. The two line graphs
1 2 3 show the individual experiments where the
numbers 1, 2, and 3 refer to the 3
experimental periods. Solid lines depict
experiments in which the chloride-containing
0.1 perfusate was used in periods 1 and 3, and the
dashed lines depict the experiments where the
gluconate-containing perfusate was used in
periods 1 and 3 (that is, sequence of perfusion
0 05 exchange was alternated). The bar graphs
show the average F for the respective
perfusion solution—chloride or gluconate.
Replacement of chloride did not change JE'
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0 — — that with DOC-treated rabbits (P < 0.01, by
unpaired analysis).
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of J. were collected during the acetazolamide-induced hyper-
polarization. Results from these two experiments indicated that
J was not affected by this transient T change. This acetazol-
amide-induced transient hyperpolarization was also reported by
Koeppen and Helman [8].
Effect of DIDS °
The presence of DIDS did not affect JE in the set of experi-
ments conducted with bicarbonate-buffered solutions (solution
1) (JF = 0.100 0.030 and 0.110 0.030 without and with
DIDS, respectively) or in the experiments with HEPES-buff-
ered solutions (solution 2) (JF = 0.021 0.005 and 0.020
0.005 without and with DIDS, respectively; Fig. 4). The addi-
tion of DIDS to the lumen did not affect T which ranged from
0 to —25 mV.
Chloride substitution experiments
Substitution of luminal chloride with gluconate had no affect
on JF with tubules from normal rabbits (J = 0.067 0.014 vs.
0.074 0.030 without and with gluconate, respectively) or from
DOC-treated rabbits (JF = 0.035 0,007 vs. 0.039 0.009,
respectively; Fig. 5). Chloride substitution did not affect VT
which ranged from —3 to —20 mY and from —18 to —40 mV in
the normal tubules and DOC-treated tubules, respectively.
Effect of VT Ofl F
VT in this study ranged from +4 to —104 mV. It was
determined from regression analysis that VT and J were not
correlated in any experimental condition. Figure 6 illustrates
this lack of correlation in the study to determine the effect of
luminal pH on J where the largest variability of VT was
observed. As previously stated, F did not change when VT
decreased with the addition of ouabain to the bath or when VT
increased when acetazolamide was added to the bath. There-
fore, VT had no apparent effect on F in this study.
Effect of fluoride on
L measured under the fluoride-free condition (8.6 1.8
cm sec1 . atm1 . 10) was not significantly different from
that with 1 or 5 m fluoride in the bath (5.0 2.7
cm sec . atm . iO; Fig. 7). Since L was not affected by
1 or 5 ifiM fluoride, the data from both conditions were pooled.
L with AVP and fluoride present in the bath (112 7.4
cm sec' . atm' . l0) was significantly higher compared to
120 -
100 -
20 -
0-
Control Fluoride
E
E
Fig. 6. V- did not affect JF These are the results of the data presented
in Figure 2. Symbols are: (+) the values from experiments with
perfusate of 7.4; (x) from pH of 6.1; and (closed circles) from pH of 5.0.
VT and JF were not significantly correlated when tested either sepa-
rately (VT vs. F of a single perfusate pH: r = 0.13, 0.19, 0.49 for pH of
7.4, 6.1, and 5.0, respectively) or combined (VT VS. J of the three
perfusate pH values: r = 0.21).
the two previous conditions (P < 0.001). VT ranged from 0 to
—29 mV and fluoride had no apparent effect on VT.
Discussion
The goal of this study was to investigate potential determin-
ing factors of F in the isolated rabbit CCD. The only maneuver
found to significantly affect F was the change in luminal-fluid
pH: F increased as luminal pH decreased (Fig. 2). Other
maneuvers, including an osmotically-induced J,.,, the addition of
DIDS to the perfusate, and the substitution of luminal chloride
with gluconate, failed to change F• Also, we found no corre-
lation between VT and F throughout the study.
We chose the CCD because of the relative importance of the
collecting duct to the renal absorption of fluoride [6]. Fluoride
movement across biological barriers depends on transmem-
brane pH gradients [5] and the large lumen-to-interstitium pH
gradients in the mammalian nephron occur in the collecting duct
[21]. Our results are consistent with those from whole-kidney
clearance studies which showed that fluoride reabsorption
increased as urinary pH decreased, and this finding was inde-
pendent of flow rate [4—7].
The results of the present study also indicate that the perme-
ability1 of the CCD to fluoride is very low. A transepithelial
electrochemical gradient was established by having 100 /iM
fluoride (which is within the range of levels considered to be
Although an accurate permeability coefficient (P) for ionic fluoride
and hydrofluoric acid (HF) cannot be determined from this study, an
estimate of P for total fluoride can be calculated from Fick's 1St Law (P
= JF/(AAC) where A is the tubular surface area calculated for an
assumed inner diameter of 20 jm and AC is the arithmetic mean
concentration gradient (95 MM). The calculated P is 0.78 x l0- cm/sec.
VT was not included in this calculation because of the lack of effect of
voltage on JF (Fig. 4) which also indicates a low permeability to
fluoride. Hence, the calculated P overestimates of the actual P for
fluoride. In qualitative terms, the P for ionic fluoride in the rabbit CCD
is less than that for chloride (4.7 x i0 cm sec) [221.
Fig. 7. Fluoride did not mimic A VP-induced increase in L. Fluoride
was added to the bath at 1 or 5 m. (Since neither 1 nor 5 m fluoride
affected L, these data were pooled.) Fluoride remained in the bath
when AVP was added at 25 sU/mI. The perfusate was fluoride-free and
hypotonic to the bath (175 vs. 285 mOsm/kg H20). N = 6; < 0.001
compared to Control and Fluoride.
physiological—about 25 to 200 p.M [1—3, 5]) in the perfusate and
maintaining a fluoride-free bath. VT ranged from +4 to —104
mV and averaged —25 mV. In the presence of low perfusion
rates (Vi = 2 to 5 nI/mm) the average F was 0.028
pmol . min' mm', that is, less than 10% of the fluoride
entering the tubule (average length about 1 mm) left the lumen.
It was clear that AVP-induced osmotic water flow did not
affect F (Fig. 1). Thus, there was no apparent effect of solvent
drag of fluoride during lumen-to-bath water flow regardless of
the type of buffer used (bicarbonate or HEPES). (We decided to
conduct one series of experiments with bicarbonate-free,
HEPES-buffered solutions because in the following study,
effect of perfusate pH on F, we also used the bicarbonate-free
solutions. Although the type of buffer affected F, as explained
below, it had no apparent influence on the conclusion that J.,, did
not affect JF.) Additionally, with the positive J,, in the presence
of relatively slow perfusion-flow rates, the effect of solute
polarization did not change The collected-to-perfused fluo-
ride activity ratio increased significantly when J,., increased in
both sets of experiments (bicarbonate-buffered, from 0.92
0.03 to 1.10 0.07 and HEPES-buffered, from 0.99 0.01 to
1.15 .02). The lack of an apparent effect of solute polarization
on F further illustrates the low CCD permeability to fluoride.
Although the fluoride ion has a large hydrated radius [23] and
some investigators have speculated that the renal reabsorption
of fluoride is dependent on water reabsorption [1], the apparent
lack of any effect of i,,, on J in the present study would be
predicted based on detailed analyses of water movement across
the rabbit CCD [24, 25]. Schafer and Andreoli [251 reported that
the apparent reflection coefficients for NaC1, urea, and sucrose
were each unity in the rabbit CCD, and the diffusional perme-
ability coefficient for urea was unaffected by the AVP-induced
J. The CCD serves an important role in the kidney's critical
function of separating water from solute reabsorption, and the
marked discrimination between water and fluoride selectivity in
response to AVP is consistent with this role.
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Because of the evidence which has clearly shown that the
renal clearance of fluoride is dependent on urinary pH [4—7],a
major objective of this study was to determine the effect of pH
gradients on F using highly buffered, bicarbonate-free solu-
tions. At the low perfusion rates used in this study, a small pH
change could have occurred in the luminal fluid, however, we
believe that such a change would not have influenced the
conclusions made in this project. The results (Fig. 2) indicated
that F was inversely related to perfusate pH, and these data are
consistent with findings from clearance studies which indicated
that the reabsorption of fluoride from renal tubules is pH-
dependent and occurs by the diffusion of the weak acid HF.
A marked increase in the VT occurred with the more acidic
perfusates. This effect would increase the force for lumen-to-
bath movement of ionic fluoride. Based on an evaluation of the
data from all of the experiments, however, it was concluded
that T did not affect The rabbit CCD exhibits a wide and
variable VT range [14]. In the present study this range was
similarly variable, yet, F and VT did not correlate with statis-
tical significance under any condition. Additionally, in two of
the five experiments which compared F with perfusate pH
values of 6.1 or 5.0, ouabain at iO M was present in the bath.
VT throughout both of these experiments was between + I and
+4 mV; nevertheless, the results were consistent in that J
increased with the more acidic perfusate. In three separate
experiments, it was determined that ouabain did not affect
Thus, we conclude that luminal pH directly caused the F
change.
Because acetazolamide affects urinary acidification and the
renal clearance of fluoride [5, 7], the possibility of this drug
affecting F in the rabbit CCD was investigated. The underlying
mechanism associated with these events is the inhibition of
carbonic anhydrase and a consequent reduction in proton
secretion resulting in an increase in luminal fluid pH. Based on
the finding that J increased when the perfusate pH decreased,
we hypothesized that J would decrease with acetazolamide.
Although acetazolamide reversibly decreased F, statistical
significance was not achieved (Fig. 3).
The non-significant effect of acetazolamide may have been
due to a relatively minor pH change. Under similar conditions,
Koeppen and Helman [8] reported an increase in luminal-fluid
pH of 0.23 in the rabbit CCD when acetazolamide was added to
the bath at the same concentration used in the present study.
The data from the project which investigated the effect of pH
gradients on F indicated that when the pH was changed by 1.3
units (7.4 vs. 6.1) and 1.1 units (6.1 vs. 5.0), J changed by 0.020
and 0.021 pmol . min' mm, respectively. In the study with
acetazolamide, JF decreased by about 0.005 pmol. min
mm1, a reduction close to that which would be predicted if the
luminal fluid pH were reduced by 0.23 units. Although this is an
indirect analysis, it is suggestive of an acetazolamide-induced
pH effect on J.
DIDS, a well-known anion-transport inhibitor, at l0 M in
the lumen, failed to affect F in experiments conducted with
bicarbonate-buffered solutions (Fig. 4). It was possible that
luminal acidification induced by the bicarbonate-buffered solu-
tions (described below) masked a small DIDS-inhibitable trans-
port component of We therefore conducted a second set of
experiments with HEPES-buffered solutions, but again J
showed no sensitivity to DIDS.
Interestingly, F with bicarbonate-buffered solutions ex-
ceeded that with HEPES-buffered solutions (Fig. 4), and we
observed the same difference in the project which examined the
effect of J on jF (Fig. 1). The differences from both projects
were statistically significant (P < 0.005) by unpaired analyses.
Although we want to exercise caution when interpreting signif-
icant differences from unpaired analyses with relatively low
"N" values, these findings indicate that the type of solution
affected
Two possible explanations exist for this effect. One, with the
bicarbonate-buffered solutions, fluoride competed with chloride
and used the chloride-bicarbonate exchange system which
absorbs chloride and secretes bicarbonate [9, 26]. HEPES-
buffered solutions were bicarbonate-free, thus fluoride absorp-
tion via fluoride-bicarbonate exchange probably would be
unnoticeable. Two, the presence of CO2 in the bicarbonate-
buffered solutions equilibrated with 95%15% 021C02 resulted in
luminal-fluid acidification which would increase F by the pH
effect.
We can rule out the first possibility because luminal replace-
ment of chloride with gluconate failed to affect F in tubules
from normal rabbits as well as tubules from DOC-treated
rabbits (Fig. 5). Garcia-Austt et al [9] reported that DOC
treatment enhanced bicarbonate secretion in the rabbit CCD,
and that the replacement of luminal chloride with gluconate
eliminated the enhanced secretion. Star, Burg and Knepper [26]
concluded that the DOC-treated rabbit CCD actively secreted
bicarbonate and absorbed chloride via an electroneutral chlo-
ride-bicarbonate exchange mechanism in the luminal mem-
brane. Our results clearly indicated that fluoride does not use
the chloride-bicarbonate exchanger, another chloride-mediated
transport pathway, or a DIDS-inhibitory anion transporter.
The second explanation focuses on the effect of CO2 and
luminal acidification. Tubules were exposed to physiological
levels of CO2 with bicarbonate-buffered solutions and negligible
CO2 levels with HEPES-buffered solutions. Koeppen and Hel-
man [8] clearly demonstrated that the rabbit CCD acidified its
luminal fluid by an active process which depended on CO2 and
relatively slow perfusion-flow rates which ranged between 0.5
to 7.0 nl/min. Our experimental conditions with bicarbonate-
buffered solutions and perfusion flow rates of 2 to 5 nllmin likely
contributed to luminal acidification in tubules from normal
rabbits, and this would be expected to yield higher F values
compared to those from experiments conducted with HEPES-
buffered solutions.
However, with tubules from DOC-treated rabbits, the en-
hanced bicarbonate secretion would likely offset the C02-
induced acidification. Indeed, F from the untreated CCD
exceeded that from the DOC-treated CCD in the chloride-
substitution experiments (P < 0.01, by unpaired analysis) (Fig.
5), and this finding again conforms with the luminal pH effect on
F• One caveat with the chloride substitution experiments
involves a possible luminal pH change resulting from an inhi-
bition of bicarbonate secretion when gluconate replaced luminal
chloride. Our results indicate that if such a pH change did
occur, it was too small to affect Based on the results which
showed that luminal pH directly affected F and that fluoride did
not use the chloride-bicarbonate exchanger, and on the findings
from Koeppen and Helman [8] discussed above, we suggest that
the higher F with bicarbonate-buffered solutions occurred as a
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result of a pH-dependent event related to the presence of CO2
rather than bicarbonate.
The possible effect of fluoride on L was investigated because
fluoride stimulates adenylate cyclase in many cells including
renal epithelia [10, 11, 27, 281, and the AVP-induced increase in
L is mediated by an increase in intracellular cAMP [12, 13].
Marx, Woodard and Aurgach [27] reported that fluoride in-
creased cAMP levels in membranes prepared from the cortex,
outer medulla and papilla of the rat kidney. The increase in all
three zones was greater than those induced by parathyroid
hormone, calcitonin and AVP. These authors used a fluoride
concentration of 7 m which was not much higher than the 5
m level used in the present study. Our results indicated that,
compared to the control conditions without fluoride, the addi-
tion of 1 or 5 m fluoride to the bath did not affect L. Since the
addition of AVP to the bath caused a significant increase in L
(Fig. 7), it was concluded that fluoride did not mimic the action
of AVP in the rabbit CCD.
Luminal fluoride had no apparent effect on L0 in the study of
the effect of J,., on JF. Rouch and Schafer (unpublished obser-
vations) have observed that fluoride at 10 m in the lumen of
the rat CCD failed to increase luminal membrane sodium
conductance which requires elevated cAMP levels [29]. Thus,
adenylate cyclase appears to be insensitive to either luminal or
basolateral fluoride.
In summary, the results of this study clearly indicate that in
the rabbit CCD, luminal pH determines F which was found to
be a function of the magnitude of lumen-to-bath pH gradients.
With respect to the renal reabsorption of fluoride, these findings
provide further support for the hypothesis that the diffusible
moiety is hydrofluoric acid rather than ionic fluoride and that,
when the tubular fluid is relatively alkaline, the trapping of ionic
fluoride within the tubule enhances fluoride excretion. Further-
more, ionic fluoride does not use a chloride-mediated transport
pathway or a separate DIDS-sensitive transporter.
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